We develop an age-structured model for two krill populations near the Antarctic Peninsula and estimate the relative recruitment events that reproduce observed trends in krill abundance and age structure. Estimates of recruitment in both regions show a nonlinear relationship between recruitment and sea ice area in the combined Bellingshausen and Amundsen Seas from the previous winter and spring, with large recruitment events occurring over a narrow range of ice area, and minimal recruitment otherwise. This finding may allow for an adaptive approach in which future catch limits are adjusted based on predictions of biomass. This result also suggests that the ecosystem may change dramatically once average ice area drops below the recruitment threshold.
The West Antarctic Peninsula (WAP) is one of the most rapidly changing regions on the planet (Vaughn et al. 2003) . Air temperatures warmed by over 3uC and summer surface ocean temperatures warmed by over 1uC over the past 50 years (Meredith and King 2005) . Sea ice concentration also showed a decline, although the timing and magnitude of this decline remain debated. Based on satellite data, sea ice coverage adjacent to the WAP declined from 1979 to 2004, while it increased throughout most of the remaining Southern Ocean (Stammerjohn and Smith 1997) . The observed decline is the result of decreased duration: the maximum winter extent has not declined, but the ice does not remain at its maximum as long (Zwally et al. 2002; Stammerjohn et al. 2008) . Using whaling records, de la Mare (1997) suggests that a more dramatic decline in sea ice coverage throughout the entire Southern Ocean occurred prior to the use of satellites for monitoring sea ice. De la Mare (1997) argues that from the 1950s to the 1970s a 25% decrease in ice coverage occurred, and that the recent period has been relatively stable in comparison. Although sea ice dynamics may have been relatively stable in recent years, Bracegirdle et al. (2008) predict that sea ice coverage throughout the entire Southern Ocean will decrease as global warming continues over the next century and beyond, and some of the most dramatic decreases may occur around the WAP.
A decline in sea ice off the WAP may have profound effects on the numerous krill-dependent predators in the region (Ducklow et al. 2007 ). There is a strong correlation between recruitment success in Antarctic krill, Euphausia superba, and good ice years (Siegel and Loeb 1995; Quetin and Ross 2003) . The underlying mechanism behind this correlation and what constitutes a ''good'' ice year remain unclear. Large sea ice area in the winter may increase larval survival, since the sea ice may provide both a refuge from predators and a source of food (ice algae) during the critical overwinter period (Siegel and Loeb 1995) . In addition, ice algae may also facilitate the spring phytoplankton bloom as the ice melts, thereby increasing postwinter larval survival (Nicol 2006) . Recruitment success may also depend upon the timing and magnitude of spawning events. Melting ice at the appropriate time may result in a large spring phytoplankton bloom, allowing for rapid gonad development, which in turn may result in earlier spawning and multiple egg batches in a single spawning season . Siegel (2005) proposed a conceptual model for krill icedependent recruitment (modified from Siegel and Loeb 1995) that incorporates the effect of ice on both reproductive output and larval survival. Large ice area and a long duration in winter result in a high reproductive output in late spring and early summer, which by itself may result in above average recruitment the following spring and summer. Large ice area in winter following a spawning event will increase larval survival, which can also result in above average recruitment. On the other hand, Quetin and Ross (2003) suggest that in some areas, moderate ice conditions (both in timing and area) produce strong recruitment events. Based on the conceptual model of Siegel (2005) , maximum recruitment requires two consecutive years with favorable ice conditions. However, Atkinson et al. (2004) found that krill population dynamics were only positively correlated with sea ice from the previous winter, suggesting that favorable ice conditions during the larval overwinter period may have the largest effect on year-class strength.
Since 1994, proportional recruitment to age 1 (R 1 ) has been used as a proxy for krill recruitment (de la Mare 1994) . R 1 is the ratio of the number of age 1 krill to the number of age 1 and older krill in a given year, and the majority of correlations between year-class strength and sea ice have used R 1 (Siegel and Loeb 1995; Quetin and Ross 2003) . The benefit of using R 1 as a proxy for recruitment is that it allows comparisons among multiple surveys to identify broad-scale linkages between regions (Siegel et al. 2003) . However, using R 1 as a proxy for year-class strength can be misleading, since the same R 1 can occur at very different population sizes (Hewitt 2000) . Furthermore, R 1 limits our ability to adaptively manage the krill fishery. Even if it were possible to accurately predict R 1 from sea ice indices, it would be necessary to have information on actual krill abundance to gauge the magnitude of the recruitment event and allocate harvest levels.
In this paper, we estimate recruitment events for krill in the WAP region and link them with different measures of sea ice in the region. Rather than assuming an underlying relationship between krill recruitment and sea ice, we use an age-structured model for krill population dynamics and estimate the time series of recruitments that most closely mimics the observed trends in krill abundance and R 1 in the region. We parameterize the model with survey data from three regions: the Palmer Long Term Ecological Research (PAL LTER) study area between Anvers and Adelaide islands off the WAP, Elephant Island (EI; although it is at the northern tip of the Antarctic Peninsula, we consider it part of the WAP throughout this paper), and South Georgia (SG; a region that is believed to depend on krill immigrants from the WAP; Fig. 1 ).
Methods
Data-We model krill population dynamics using an age-structured model and estimates of krill abundance and R 1 from surveys around the WAP and Scotia Sea. Currently there are three surveys around the WAP and one around SG in the Scotia Sea that collect krill on an (almost) annual basis. The PAL LTER program has sampled krill since 1991 between Anvers and Adelaide Islands . The United States Antarctic Marine Living Resources (U.S. AMLR) survey has sampled krill around EI since 1988, and the survey was expanded in 1998 to include the waters in the vicinity of the South Shetland Islands (Reiss et al. 2008) . A German survey around EI has operated since 1978, although in some years data were not collected (Siegel et al. 2003) . The British Antarctic Survey has sampled krill with acoustics and nets around SG (Brierley et al. 1999; Watkins 1999; Reid et al. 2005) . Sampling was sparse around SG throughout the 1980s but has occurred in most years since 1991. Based on these data, we model krill population dynamics for two populations off the WAP: one closed population in the region sampled by the PAL LTER survey and a population around EI that we assume is the source of krill found in the ice-free waters off SG (Tarling et al. 2007 ). For EI, we only use data from the German survey because it covers a longer time series.
Population models-The surveys sample in the austral summer (December-March), and data collected in a given sampling season may thus cover two calendar years. We use a yearly timestep in our model and evaluate the model each year on 01 January. As a result, we assume that any data collected in an austral summer came from the later year, regardless of the actual date of sampling. For example, if sampling in a region occurred from December 1999 through January 2000, we allocate all sampling information in 2000. Furthermore, we report R 1 values for the years in which they were observed in a sampling program (which is also the year in which a given year-class recruits) and not the year in which the year class is spawned.
For the PAL LTER region, we assume the krill population is closed (i.e., no migration). This assumption is supported by Quetin and Ross (2003) , who note that the PAL LTER sampling region was largely selected because of the local gyres that act as a retention mechanism for krill. The assumption of a closed population makes the population dynamics straightforward. The number of individuals in this region of age a at time t, N PAL a (t), increases as the result of recruitment to age 1, r PAL (t), and decreases as a result of age-specific natural mortality, M a (Mangel 2006 ; all variables and parameters used are described in Table 1 ) Fig. 1 . Map of the study region. Boxes represent approximate regions where sampling occurs around South Georgia, Elephant Island, and the Palmer LTER region. Lines at 90uW, 60uW, and 40uW are the boundaries for classifying ice from the Amundsen Sea, Bellinghausen Sea, and the East Antarctic Peninsula.
We discuss below how we estimate r PAL (t); M a is based on Pakhomov (1995; Table 2 ). Although krill longevity has been estimated to be as high as 9 yr (Nicol 2006) , we assume that the maximum age is 6 for all regions. Unlike the PAL LTER region, it is necessary to account for transport of krill out of the EI area. The southern boundary of the eastward flowing Antarctic circumpolar current (ACC) flows very close to EI, and many krill may be passively transported out of this region (Murphy et al. 2004; Thorpe et al. 2004 ). Krill population dynamics around EI are modeled by
where r tot (t) is the total recruitment that occurs in EI and downstream areas, t(t) is the fractional transport out of the region in year t, and s a is the age-specific susceptibility to transport (the proportion of individuals in an age class that can transported; Table 2 ). Ecosystem models of krill used by the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) either assume no movement of krill or passive transport in the currents (SC-CCAMLR 2007) . We make the same assumption and explore two transport scenarios: (1) No transport (t(t) 5 0) and (2) varying passive transport (described below). We also explore three (1) all age classes are equally susceptible to transport, (2) younger age classes are more susceptible (because swimming speed increases with size [Hamner 1984] , giving larger krill an advantage when swimming against currents), and (3) older age classes are more susceptible (based on Siegel et al. 2002) , who show segregation by size around EI, with the largest krill occupying areas closest to the ACC).
There are arguments that the krill population at SG is not self-sustaining and that the WAP is a major source of krill found near SG (Tarling et al. 2007 ). To accurately model the dynamics at EI, it may be necessary to consider the dynamics around SG. However, krill around SG may also originate in the Weddell Sea (Priddle et al. 1988) , and there is no way to determine the source of krill collected in the SG survey in a given year. Therefore, when accounting for transport away from EI, we explore two assumptions-EI is the only source of krill found around SG and the fate of krill transported away from EI is unknown-and we ignore the dynamics around SG. The following deals with the first assumption, and we discuss how we deal with the second assumption in the Model fitting section below.
When assuming that EI is the only source of krill around SG, we must also account for the interannual variation in the ACC. Thorpe et al. (2004) use a circulation model and show that there is considerable year-to-year variation in the probability of passive drifters reaching SG. We account for this fluctuating probability of reaching SG, p(t), in our model (Eq. 3) and use the annual estimates (from 1979 to 1997) provided by Thorpe et al. (2004) . For years after 1997, we use the mean probability for the time series. The abundance of krill around SG in a given year is a function of transport into the region from EI and the individuals already at SG that survived from the previous year
Model fitting-With model estimates of numerical abundance in a region, we calculate the total proportional recruitment to age 1 in each region according to
and compare this with the observed values, R 1 (t). We also estimate the total biomass (in grams) in each region with
where w a is the weight-at-age (in g, estimated from the length-weight relationship of Hofmann and Lascara 2000).
We assume a fixed length-at-age for all regions based on those provided by Quetin and Ross (2003;  Table 2 ). We then calculate the biomass density for each region, D(t), with
D(t)~B(t)|q ð6Þ
for comparison with the observed densities, D (t). Here, q is the survey-specific catchability; we assume q is fixed for a given survey. In 2000, CCAMLR conducted a synoptic survey to estimate krill biomass in the small scale management units (SSMUs) off the WAP and in the Scotia Sea. We estimate q in a region by dividing the estimated biomass density in 2000 by the estimated total biomass in 2000 for each region. For the PAL LTER region, we use the biomass estimate from SSMU 2 to estimate q. For EI, we use the biomass estimate from SSMU 7, and for SG we use the estimates from SSMUs 14 and 15 combined to estimate q (Table 3) . To account for the years in which the German survey (which samples the EI area) was not conducted, data from the U.S. AMLR survey augment the time series (Siegel et al. 2002) . We examined density estimates from each survey in years where both surveys sampled around EI to determine how q may differ between surveys (Table 4) . In all years, biomass densities from the U.S. AMLR survey were larger than those from the German survey, but the difference between survey estimates was not consistent across years. On average, the U.S. AMLR survey density estimates were 1.8 times greater than the German survey. We use this information to scale q by a weighting function c in years when the U.S. AMLR survey Table 3 . Estimates of total biomass and biomass density in 2000 are used to estimate q for a given region. Around Elephant Island, many density estimates come from the German survey, but in some years (1992-1994, 1996, 1998-1999, 2002-2004) sampled (see Table 4 ). We explore two values for c (c 5 1, 1.8; no difference and the mean difference, respectively). We search numerically for the values of r(t) and t (t) that produce model estimates of biomass density and proportional recruitment that most closely mimic the observed estimates in each region. A likelihood approach (Hilborn and Mangel 1997 ) always led to the best fitting model focusing on fitting trends in proportional recruitment and ignoring trends in biomass density. Therefore, we fit the model by minimizing the sum of squares (SS). For the PAL LTER region, SS is calculated with
Because values of D(t) are much larger than R 1 (t), we logtransform the difference between observed and modeled densities and multiply the summed differences of proportional recruitments by a balancing parameter w (Lenhart and Workman 2007) . For the PAL LTER region, we have estimates of D PAL (t), R PAL 1 (t), and numerical density-at-age from 1993 to 2002 , so we start the model in 1993, estimating recruitment to age 1 in that year, and use the proportions-at-age (determined from the numerical density-at-age data) to estimate abundance in the older age classes. For this region, we estimate r(t) from 1993 to 2002.
For the krill population at EI, the total SS is
where y is an indicator function that takes a value of 1 when we assume that EI is the source of krill found at SG and 0 when we make no assumptions about the fate of krill transported away from EI. Reid et al. (2005) . We start the model in 1980 and estimate r(t) from 1980 to 2004, assuming the population is in equilibrium in 1980 and discarding estimates of r(t) from 1980, 1986, and 1987 because of missing survey estimates in these years. We set w 5 5 for both the PAL LTER and EI populations.
Correlating recruitment with ice indices-We link measures of sea ice off the WAP and other regions with our estimates of r(t). We obtained monthly satellite estimates of sea ice area and extent (where area is the total area of sea ice and extent is a measure of defined ocean area grids covered by 15% or more sea ice) from 1979 to 2007 for the area between 60uW and 90uW (this region contains the Bellingshausen Sea and waters in the WAP region, but here for simplicity we classify it as ice from the Bellingshausen), between 90uW to 130uW (herein called the Amundsen Sea), and between 40uW to 60uW (the East Antarctic Peninsula; Fig. 1 ). The longitudinal boundaries are based on Stammerjohn and Smith (1997) . In addition, we obtained sea ice duration (in days) for the Bellingshausen Sea from Stammerjohn et al. (2008) .
Results
The best fitting model results for the PAL LTER population are shown in Fig. 2 . The model can replicate the observed trends in biomass density, with two cycles in abundance, but it cannot replicate the large peaks in density observed in 1993 and 1998 ( Fig. 2A) . As a result, the overall model fit to biomass density is poor (R 2 5 0.18). In contrast, model estimates of R 1 are very close to the observed values in all years (R 2 5 0.9; Fig. 2B ). The abrupt peaks in biomass density observed cannot be replicated because of the assumption of a closed population. That is, in a closed population large recruitment events remain in the population for many years, keeping the overall biomass high. We therefore refit the model allowing for transport (using Eq. 2), ignoring the ultimate fate of those transported out the region (i.e., we did not assume that krill from the PAL LTER region ended up downstream at EI or SG). As with the EI-SG model, we explored the three scenarios for susceptibility to transport (s a ; Table 2 ) and found that scenario 1 (all age classes are equally susceptible) produced the best fit. As a result, all results described from this model are for scenario 1. The resulting fit for biomass density was much improved (R 2 5 0.91; Fig. 2A ), while the R 1 fit was similar, but not as good (R 2 5 0.86; Fig. 2B ). Despite the different fits in biomass density between the models, both produced the same trend in the magnitude of recruitment events across years (correlation coefficient 5 0.97), with recruitments from the model with transport being higher in all years. Because the trends are nearly identical, we use the estimates of recruitment from the model assuming a closed population for all subsequent analyses. For EI, when we allowed transport, we either assumed that EI was the only source of krill around EI or we ignored the fate of krill transported away from EI. As with the PAL LTER transport model, the best fitting model under both assumptions for the EI population occurred under scenario 1, so all results discussed for the EI population are for this scenario. Furthermore, whether we accounted for the fate of krill transported away from EI had a negligible effect on estimates of recruitment (correlation coefficient 5 0.99), so all results are for the model that couples the dynamics of EI and SG. We also explored different values of c (which weighs q for EI) when estimating recruitment for this model. Changing c had little effect on our recruitment estimates (correlation coefficient 5 0.98) so we only show model results for c 5 1.
For EI, the model that allows for transport provided a better fit than the model with no transport to the observed trends around EI in both biomass density (R 2 5 0.89 and 0.31, respectively; Fig. 3A ) and R 1 (R 2 5 0.44 and 0.27, respectively; Fig. 3B ). For biomass density at SG, the variable transport model does a fair job at reproducing observed trends prior to 1991 and after 1995 but cannot replicate the observed trends between these years (Fig. 3C) . As a result, the overall fit is poor (R 2 5 0.14).
The transport model matches the observed trends in biomass density very well in most years but underestimates density in the anomalously high years of 1982 and 1997. The reason the densities are not matched more closely in these years is that densities are low in the following years and because allowing for more transport away from EI reduces the fit of biomass density at SG. For R 1 at EI, model results are close to the observed values in most years prior to 1992. From 1992 to 2001, there are a few years (1992, 1996, and 2001) where the observed estimates of R 1 are high, but the model estimates are substantially higher (Fig. 3B) . All of these years are followed by years of higher biomass density, so large recruitments are needed to allow for this increase. These years also follow periods ($2 yr) of low R 1 and low biomass density (and thus low recruitment), so the abundance of other age classes in the population is minimal. Therefore, the large recruitments result in very high model estimates of R 1 in these years. For biomass density at SG, the model greatly overestimates density in 1991, 1994, and 1999 because we assume that once krill reach SG, they remain there, and these years follow periods of high biomass. In addition, the model cannot replicate the period of high biomass density in 1992 and 1993; this is the period at EI where biomass density is lowest.
For the PAL LTER model that allowed for transport, we predict transport in only 3 yr. In the remaining 7 yr, we predict transport to be minimal (at a lower bound t (t) 5 0.01), suggesting that the assumption of a closed population may be appropriate in most years (Table 5) . For EI, in 10 yr we predict minimal transport. In the remaining 11 yr (we discarded estimates from 1980, 1986, and 1987 because of missing data), transport ranges between 0.32 and 0.93 (Table 5 ). For some of the years when transport is minimal, the reason is that there are no data on the dynamics at SG for the model to replicate (1981, 1983, 2001, and 2003) . In other years, the biomass density at EI is very low so the model does not allow for a large flux out of the region (1992, 1993, and 1996) . Finally, there are years when biomass is already high at SG, so transporting additional krill reduces the fit at SG (1999 and 2000) .
We plot estimates of recruitment for the PAL LTER and EI areas against various environmental measures related to sea ice to determine which variables may be driving yearclass success and what the relationship between recruitment and sea ice may be. We consider ice duration from the previous year in the Bellingshausen Sea (Fig. 4A ) and the ratio of ice area to ice extent in the previous August in the Bellingshausen Sea (Fig. 4B ) and in the Bellingshausen and Amundsen Seas combined (Fig. 4C) . Sea ice area is the total area of ice, while extent is a measure of the ocean area containing at least 15% sea ice. Therefore, the ratio of area to extent is a measure of percentage cover; a value of 1 indicates that the entire area of ocean is covered by ice, and smaller values indicate more areas of open water. We also consider recruitment and ice area from the previous year. We plot EI recruitment and ice area averaged over August through December (the late winter and spring period) from the previous year from the East Antarctic Peninsula (since we would not expect the PAL LTER region to be influenced by ice in this region; Fig. 4D ) and recruitment from both regions over the same period of ice from the Bellingshausen Sea (Fig. 4E ) and the Amundsen and Bellingshausen Seas combined (Fig. 4F) .
Many of the plots in Fig. 4 show that maximum recruitment occurs at moderate ice levels. However, the data are noisy, and our goal is to extract the strongest signal possible. To determine whether ice in a particular area for a particular period may be controlling recruitment in the PAL LTER and EI areas, we fit a Gaussian model to the recruitment estimates for six periods (July-November, July-December, August-November, August-December, September-November, and September-December) from the Bellinghausen Sea and combined Bellingshausen and Amundsen Seas. We also fit the model using ice duration from the Bellinghausen Sea and the ratio of ice area to extent in August for Bellinghausen Sea and combined Bellingshausen and Amundsen Seas. The model predicts Fig. 4 . Recruitment estimates at time t for the Palmer LTER and Elephant Island areas as a function of (A) ice duration (days) in the Bellingshausen Sea at time t 2 1, (B) the ratio of ice area to extent in August in the Bellinghausen Sea at time t 2 1, (C) the ratio of ice area to extent in August in the combined Amundsen and Bellinghausen Seas at time t 2 1, (D) ice area in the Bellinghausen Sea averaged over August through December at time t 2 1, (E) ice area off the East Antarctic Peninsula averaged over August through December at time t 2 1, and (F) ice area from the combined Bellingshausen and Amundsen Seas averaged over August through December at time t 2 1. recruitment at time t, r(I, t) as a function of ice the previous year, I(t 2 1), with r(I,t)~r low zr up | 1
where I* is the ice area where maximum recruitment occurs, and s determines the spread of the model fit. The minimum level of recruitment is r low , and r up scales the magnitude of the recruitment events. We numerically estimate r low , r up , I*, and s and determine which region and period produced the best fit using Akaike information criteria with the correction for a small sample size (AIC c ; Burnham and Anderson 1998) . When fitting the model to EI recruits, we remove the 1980 year class (Siegel et al. 2002 indicate that age 1 krill collected around EI in the summer of 1981 likely originated in the Weddell Sea). For both the PAL LTER and EI areas, the best fitting model resulted when using ice area from the Bellingshausen and Amundsen Seas combined averaged over August through November (Table 6 ). For EI, this period produced by far the best fit (R 2 5 0.68; AIC weight 5 0.84). For the PAL LTER this period explained much of the recruitment variation (R 2 5 0.83; AIC weight 5 0.51), but one other period (August through December) produced a fit nearly as good (R 2 5 0.82; AIC weight 5 0.46). The best fitting models for the PAL LTER and EI regions are shown in Fig. 5 . For both regions, these models predict a narrow range of ice area in which large recruitment events occur. Both fits also show an above average recruitment event at one of the highest levels of ice area. In both areas this is the 1996 year class, which Quetin and Ross (2003) indicate as an outlier with respect to the ice conditions from the previous year (although they used R 1 ). They suggest that this year class was the result of a very large spawning output. Therefore, although our model fitting recruitment to ice area at time t 2 1 explains much of the recruitment variation in both the PAL LTER and EI regions, in some years, recruitment may be affected by large reproductive output, which may be the result of ice dynamics at time t 2 2. Bracegirdle et al. (2008) predict a decrease in sea ice area of 33% 6 9% throughout the Southern Ocean over the 21st century, with the largest decreases occurring in the winter and spring. Our results suggest that ice area during the late winter and spring may be critical for determining year-class strength of krill, so we fit a linear model to the time series of ice area average over August through November from 1979 to 2007 to see if a decline has already occurred. The linear fit shows no trend in ice area over this period (p 5 0.2; R 2 5 0.05; power 5 0.11). Although there is no trend, we plot the time series to explore whether the frequency of ''good'' ice years has declined in recent years (Fig. 6 ). We define a good ice year as one where the average ice area is between the thresholds for both regions (where the threshold is the ice area below or above which recruitment is predicted to be minimal; see Fig. 5 ). There were 4 yr between the thresholds for the first half of the time series (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) , and 4 yr above the threshold for the second half of time series (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) for the PAL LTER and EI regions. Good ice years for the combined Bellingshausen and Amundsen Seas still occur at the same frequency since 1992, and strong recruitment events are still occurring. Therefore, it is likely that decreases in krill biomass have not yet occurred but could in the near future if ice area over the winter and spring follows the trends predicted by Bracegirdle et al. (2008) .
Discussion
Previous attempts to correlate recruitment with sea ice have mostly used R 1 as the measure of year-class strength (Siegel and Loeb 1995; Quetin and Ross 2003) . In this paper, we provide the first estimates of the magnitude of recruitment in Antarctic krill and link them to various measures of sea ice coverage. We explored a variety of measures of sea ice coverage in different areas as predictors of our estimates of recruitment but found the strongest signal with ice area for the combined Bellingshausen and Amundsen Seas. Our results suggest that sea ice during the late winter-spring period has the largest effect of recruitment to age 1 the following year. Some studies on krill recruitment have suggested a nonlinear relationship with sea ice (Kawaguchi and Satake 1994; Hewitt et al. 2003; Quetin and Ross 2003) , and our results agree with these findings. Our results suggest that this relationship is bellshaped, with large recruitment events occurring over a narrow range of ice area slightly above the average for the time series and low recruitment events otherwise. For both regions modeled, recruitment was most strongly correlated with the average ice area from August through November.
Our results indicate that the combined ice area from the WAP (the Bellingshausen Sea) and further west (the Amundsen Sea) is controlling recruitment to both the PAL LTER and EI regions, suggesting that recruits are likely coming from both seas. Having recruits coming from two regions may buffer against a bad ice year in one area, since sea ice area in the Amundsen Sea does not follow the same trends as ice area in the Bellingshausen Sea in some years (Smith et al. 1998) . A below or above average ice year in Bellingshausen may be mitigated by an average year in the Amundsen, or vice versa. That recruitment in the PAL LTER is most strongly correlated with ice area from the combined seas may seem at odds with the assumption that the PAL LTER population is closed, since this region lies well north of the Amundsen Sea. When we refit the model assuming the population was not closed, the resulting fit was much improved, suggesting that some migration may occur in some years. Quetin and Ross (2003) acknowledge that spawning in this region occurs close to the ACC and that eggs and larvae may be transported out of the region. It may be that many recruits to this region (and to EI) are not the result of local reproduction and are deposited via the ACC from the Amundsen Sea.
Despite our results indicating that ice area over the late winter and spring may be controlling recruitment, we can only speculate on the underlying mechanism. If the ice were providing ice algae or refuge from predators, then we would expect a more gradual increase in recruitment with larger ice areas. Furthermore, we would not expect a decrease in recruitment at the largest ice areas. Growth of larvae under ice off the WAP has been examined during winter, and growth rates were either minimal (Daly 2004) or negative (Ross et al. 2004) . Daly (2004) found minimal food available on the underside of ice and concluded that sea ice biota may not be an important food source during the winter. Although sea ice may not be important as a winter food source, it may influence the timing and magnitude of the spring phytoplankton bloom. The narrow range of ice area over which large recruitments occur in both regions suggests such a match-mismatch mechanism (Cushing 1982) . Low ice area during this period results in large areas of water over the continental shelf and shelf break being exposed to winds, which may deepen the surface mixed layer, inhibiting a bloom. Conversely, too much ice area during this period may also prevent a bloom by reducing the amount of light available to the phytoplankton . Although satellite estimates of surface chlorophyll concentration may be used to test such hypotheses, diatoms often form large assemblages below the depth detected by satellites, limiting the conclusions that can be drawn from such an exercise (Siegel 2005) .
The results of this study have important implications for the management of krill fisheries. Currently, CCAMLR has established a catch limit of 3.47 3 10 9 kg in the South Atlantic sector of the Southern Ocean, based on an estimated biomass of 3.73 3 10 10 kg (SC-CCAMLR 2007). The catch limit is well below the estimated biomass, but there is some concern of local depletion of krill, particularly in areas where the fishery operates close to predator breeding colonies. Our results indicate that it may be possible to predict recruitment from ice area, which would enable the prediction of biomass, and thus potentially allow for the adaptive management of krill in this region. However, our results are for krill around the WAP and SG. Although these regions are important fishing grounds, the fishery also operates consistently around the South Orkney Islands in the Scotia Sea (Kawaguchi et al. 2006) . The South Orkneys lie near the Weddell Front (the boundary between the colder water of the Weddell Sea and the relatively warmer water of the Scotia Sea) and krill found in this region may be a combination of those transported in ACC from the WAP and those from the Weddell Sea. No time series of krill density exists for this region to estimate recruitment, and our results from the WAP may not be applicable to this region. In addition, sea ice in the Weddell Sea does not follow the same trends as ice from the Bellingshausen or Amundsen Seas (Zwally et al. 2002) , so it is unlikely that a single ice measure can be used to adaptively manage krill in the Scotia Sea.
When fitting the model to EI recruits we removed the 1980 year class since it likely originated in the Weddell Sea (Siegel et al. 2002) . There may be other years when recruits around EI are coming from the Weddell Sea, but we found no information to indicate which year classes (other than that from 1980) may be of Weddell origin. However, Siegel et al. (2003) show a strong correlation between R 1 in the PAL LTER and EI areas, suggesting that both regions are responding to the same ice conditions, and therefore that the Weddell Sea is not the primary source of recruits to EI.
There are additional potential sources of error resulting from our assumptions in estimating recruitment. Although the surveys sample the same stations each year, it may be that the distribution of krill in an area fluctuates from year to year as oceanographic conditions fluctuate. Therefore, different estimates of survey densities may result from the same biomass of krill in different years. The only information on survey bias is from Saunders et al. (2007) , who indicate that the timing of a survey around SG year may affect density estimates. They found that density estimates exhibited a periodic pattern, with highest densities typically occurring in February in a given year. We did not adjust density estimates at SG because as we already noted, ignoring the dynamics at SG does not dramatically affect our recruitment estimates at EI. Unfortunately, we do not know of any studies that quantify the effect of sampling date (or other variables) on density estimates for the PAL LTER and EI regions, so we could not adjust these densities accordingly. Our model could be easily modified to allow for a time-varying q as such information becomes available.
Changes in krill distribution may also affect our estimates of the population age structure in an area. Siegel et al. (2002) show different distributions by size in 2001, with the largest krill occupying the most northern area and the smallest krill occupying the most southern area of the survey grid. From 1991 to 2000, the southern portion of the survey grid was not sampled, since it was believed that the remaining areas would provide an adequate sample of all age classes of krill around EI. The results of Siegel et al. (2002) indicate that in some years, this southern area may contain a substantial number of age 1 krill, resulting in estimates of R 1 being biased low in these years. We did not explicitly account for this difference in our model fitting, but in nearly all years in which the truncated sampling grid was used model estimates of R 1 were larger than the survey estimates (Fig. 3B ), although the difference was not identical across all years. Therefore, even if we had adjusted the R 1 values in these years, our results would not differ drastically.
Our results indicate a nonlinear relationship between krill recruitment around the WAP and sea ice area in the Bellingshausen and Amundsen Seas from the previous winter and spring. Our estimates of recruitment show a narrow range of ice area where recruitment successes occur and a wide range of ice area that results in poor recruitment events. This finding has important implications for the management of the krill fishery, since it may allow for an adaptive approach. This finding also has important implications for a warming Southern Ocean, since a steady decline in sea ice in the region does not mean a steady decline in krill biomass. Once average ice area drops below the recruitment threshold, a dramatic change in the WAP ecosystem (and downstream ecosystems such as SG) may occur as krill biomass rapidly declines.
